This work aims to explore a novel intermittently operated fixed-bed column with drinking water treatment residuals (WTR) as main medium to remove nitrogen (N) and phosphorus (P) from secondary effluent under different hydraulic loading rates (HLRs). The results showed that the WTR was beneficial for N removal and the average removal efficiency reached 59%. The denitrification was the primary pathway for N removal and the denitrification rate (2.19 g N/m 3 d) was higher than the theoretical value based on the organic matter removal rate (7.35 g COD cr /m 3 d). The P removal was excellent and the efficiency still remained 98% after 260-day operation. The lifetime of the WTR fixed-bed column regarding P saturation was estimated to be 7.9 years under the highest HLR of 0.45 m 3 /m 3 d. Moreover, the efficiency and stability of the nutrients removal further increased with the reduction of HLR. Based on regulations, the system holds great promise as a technology for water environment restoration and WTR recycling.
INTRODUCTION

Drinking water treatment residuals (WTR) is an inevitable
by-product generated from drinking water treatment plants. It is primarily composed of amorphous Fe/Al hydroxides because Fe/Al coagulants are often used to remove suspended solids (SS) and humic substances from raw water. Studies have demonstrated that the chemical composition of WTR gave it large surface area and strong affinity for phosphorus (P) (Wang et al. ) . Accordingly, WTR has been successfully reused as soil additives to control off-site P pollution, as a primary medium in constructed wetlands to remove excessive P from agricultural wastewater, and as restoration agents to immobilize P in lake sediments (Dayton & Basta ; Babatunde et al. ; Wang et al. a) . However, the former research was mainly focused on P removal from high strength wastewater, and little data have been reported regarding the reuse of WTR to remove nitrogen (N) and P simultaneously from secondary effluent, in which the release of N and P could lead to eutrophication of receiving water bodies (Conley et al. ) . Therefore, recycling WTR to purify the secondary effluent could be a 'win-win' technique for water environment restoration.
Fixed-bed column was normally conducted with continuous operation and used as an effective adsorption process for P removal by different substrates. However, the N removal was limited since the main removal mechanism was a microbial-mediated process, which required appropriate oxygen and carbon source (Ho et al. ; Vymazal ) . Several methods were proposed to promote the supply of oxygen and carbon source, such as step-feeding, intermittent feeding, artificial aeration and so on (Zhu et al. ; Barana et al. ) .
In this study, a laboratory-scale WTR-based fixed-bed column was set up and operated intermittently to treat real secondary effluent. The pollutant removals under diminishing hydraulic loading rate (HLR) were monitored. Overall, the objective of this study was to: (1) investigate the N and P removal efficiency of WTR fixed-bed column, (2) study the effect of HLR on nutrients removal, and (3) estimate the feasibility of WTR fixed-bed column for wastewater treatment.
MATERIAL AND METHODS
Sample preparation
The WTR was collected from the dewatering unit of the No. 9 Waterworks in Beijing, China. This plant used polyaluminium chloride and ferric chloride as the main coagulants. After collection, the WTR was air-dried, crushed and sieved to a diameter of less than 1 cm for preparation of the adsorbent. The characteristics of the WTR have been examined in detail (Wang et al. ) Column set-up and operation
The plexiglass column used in this study was 70 cm deep and 9.3 cm in diameter (Figure 1 ). It was initially filled with 10 cm of gravel, as a support layer, which was washed twice to remove fines. Then the prepared WTR (dry weight 1.2 kg) was added upon the gravel layer to 60 cm in depth. Although intrinsic coagulants dissolved in aqueous solution, the dewatered WTR was hardly dissolved during operation. In addition, since the purpose of this study was to assess the potential of using WTR (as a whole, including fines) to remove N and P from secondary effluent, there was no backwash employed during start-up to remove fines.
The effective volume of the column (V e ), which was equal to the required volume of wastewater to submerge the fixed bed adsorbent was 2.0 L. Then the porosity of the column was calculated to be 42% as:
in which the total volume was calculated by the depth and diameter of the column.
The WTR fixed-bed column was operated with cycles, in which the secondary effluent was fed and drained in batches. reactions (e.g., nitrification) would occur between the pollutants (NH 4 þ -N) in wastewater and the media of WTR (including biofilm on the surface of WTR), contributing to the decrease of the oxygen and pollutant concentrations in the wastewater. After that, half of the treated wastewater was discharged, while the other half remained in the column for the next cycle. In addition, during discharge, the air could also saturate the WTR-packed column without mechanical driving force, thereby facilitating aerobic biological processes.
In this study, water column of feeding and discharge were approximately equal to V e /2 (1.0 L) per cycle, thus the lower half of the column could be submersed from beginning to end. The HLR and hydraulic retention time (HRT) were calculated based on the number of cycles per day and the cycle time (Table 1 ) (Babatunde et al. ) . In addition, the ratio of reaction time to rest time [wet/dry (h)] was maintained at 11:1 by using a pre-set programmable timer.
Three sample ports (P1, P2, and P3) were provided along the height of the column to collect effluents. Sample P1 represented the influent sample; sample P2 represented the effluent treated in the upper half; sample P3 represented the effluent treated in the bottom half. The pollutant removal of the fixed-bed column was determined by the difference between samples P1 and P3. The system was operated for 260 days at room temperature, which was divided into three periods according to the theoretical HLRs (Table 1) . Moreover, the HLR was steady in each period since there was no clogging observed. Samples P1, P2, and P3 were grabbed one to two times a week and analyzed for COD cr , NH 4 -N, NO 2 -N, NO 3 -N, TN, and TP.
Sample analysis
The COD cr was measured with potassium dichromate method. The NH 4 -N, NO 2 -N, and NO 3 -N were detected using spectrophotometry (UV-2000, Unico). The TN was measured by alkaline potassium persulfate oxidation followed by NO 3 -N analysis. The TP was measured by persulfate digestion followed by orthophosphate analysis.
Statistical analysis
The concentrations of the constituents in the water samples generally stabilized after 1 week once the operation scheme changed. Only steady-state data were used to test the significant difference and calculate the mean and standard deviation values of the column for various periods. Tests for significant difference in water quality among samples P1, P2, and P3, and in water quality under different HLRs were determined by using PASW Statistics 20 (SPSS Inc.).
One-way analysis of variance (ANOVA) multiple comparisons for the mean removal efficiencies were computed with Tamhane's T2 test at 95% confidence level (α ¼ 0.05).
The method was selected so that equal variance between groups was not assumed.
RESULTS AND DISCUSSION
Nitrogen removal
Since the NH 4 -N in influent and effluent were limited, TN was mainly composed of NO 2 -N and NO 3 -N. The variation of TN was similar to that of (NO 2 -N þ NO 3 -N) in the column during Overall, N removal of the intermittently operated fixed-bed column was chiefly dependent on the (NO 2 -N þ NO 3 -N)
removal. In addition, COD cr in the influent and effluent were determined (Figure 2(b) However, Figure 3 shows that most of the consumed COD cr was lower than the theoretical value, and the average removed C/N ratio was 3.36. Therefore, organic matter and other substances in WTR could provide nutrients for bacteria. It was also reported that the WTR addition could increase the organic matter contents in lake sediments In former studies a pilot-scale WTR-based constructed wetland achieved the high removal efficiency of 86% for reactive P and 89% for soluble reactive P in dairy wastewater treatment during two-year operation (Zhao et al.
), indicating the WTR had a large potential for P adsorption. Moreover, organic matter, ion strength, and anaerobic condition did not affect the stability of P adsorbed by WTR (Wang et al. b) , suggesting that the P retained cannot be desorbed easily.
There was non-significant difference between the P concentrations in samples P2 and P3 (P < 0.05), implying the P was adsorbed quickly by the WTR of the upper layer as the influent flowed into the column. Alternatively, WTR in the upper layer was the primary adsorbent and the lower layer still had potential for P adsorption. This indicated the WTR fixed-bed column had a long lifetime regarding P saturation. It has been reported that the lifetime of simple systems, which consist of a compact column filled with a reactive filter material, could be estimated according to the maximum adsorption capacity (Cucarella & Renman ) . Thus, the lifetime of the column was determined to be 7.9 years under the highest PLR 0.84 g P/m 3 d. Therefore, the WTR fixed-bed column was a unique and promising lowcost wastewater treatment system, particularly for the secondary effluent.
Effect of HLR
Although the average influent TN concentration was similar, the average concentration of TN in the effluent One of the wider benefits of the study could be in its application to reduce the nutrient load of secondary effluent emanating from municipal wastewater treatment plants. More significantly, the study had an impact on the costeffective disposal of WTR which was always landfilled and 
CONCLUSIONS
This study evaluated the simultaneous N and P removal of a WTR fixed-bed column with intermittent operation for secondary effluent treatment. During the whole period, the P removal was always distinguished and the removal efficiency still remained above 98% after 260-day operation.
The N removal was dependent on denitrification and a denitrification rate of 2.33 g N/m 3 d was achieved despite the consumed COD cr being lower than theoretical value.
The HLR played a more significant role in the N removal and the N removal efficiency increased to 75% under the lowest HLR of 0.15 m 3 /m 3 d. Overall, it was feasible to reuse the WTR in a fixed-bed column to remove N and P from secondary effluent.
